REMARKS 

Claims 1-6 and 12-23 constitute the pending claims in the present application. 
Claims 1-13 and 19 were initially elected without traverse. Claims 14-18 and 20-22 are 
withdrawn from consideration as being drawn to a non-elected invention. Applicants will 
cancel these claims upon indication of allowable subject matter in the elected invention. 
Claims 7-11 have been canceled without prejudice to their prosecution in this or a later- 
filed application. Applicants reserve the right to pursue these claims of similar or 
differing scope in this or a later- filed application. Claims 12-13 and 19 have been 
amended. Claim 23 has been added. Support for the claim amendments and new claim 23 
can be found throughout the specification. No new matter is being introduced. Applicants 
respectfully request reconsideration in view of the following remarks. Issues raised by the 
Examiner will be addressed below in the order they appear in the prior Office Action. 

Applicants note that the Examiner has acknowledged Applicants' election of 
Group I (claims 1-13 and 19) and SEQ ID NO: 23 as a sequence species, in Paper 9 filed 
on October 8, 2002. 

Applicants note with appreciation that the species election requirement between 
Species A (basic region leucine zipper structures) and Species B (basic helix loop helix 
structures) as set forth in Paper No. 8 mailed on July 2, 2002, is vacated on the grounds 
that Applicants' traversal argument is found persuasive. 

Applicants also thank Examiner Mahatan and Examiner Allen for the telephonic 
interview on June 19, 2003 and their willingness to discuss the Office Action and 
clarification of the claims. 

Withdrawal of claims 1-13 by the Examiner 

Claims 1-13 are withdrawn by the Examiner on the grounds that the elected SEQ 
ID NO: 23 fails to fulfill at least the defined requirement of an avian pancreatic 
polypeptide of claims 1-13. Specifically, the Examiner states that claims 1-13 are drawn 
to an avian pancreatic polypeptide (aPP), which is clearly defined in the application as "a 
polypeptide in which residues fourteen through thirty-two form an alpha helix stabilized 

9I30854_3 

Page 6 of 1 5 



by hydrophobic contacts with an N-terminal type II polypeptide helix formed by residues 
one through eight" (see page 3, lines 1-10 in the specification). These claims should not 
be withdrawn and it appears that they were withdrawn because they were misunderstood 
or misread. 

Contrary to the Examiner's assertion, claims 1-13 are not drawn to "an avian 
pancreatic polypeptide (aPP)." Instead, these claims explicitly recite "an avian pancreatic 
polypeptide modified by substitution of at least one amino acid residue ." Applicants point 
out that the polypeptide in claim 19 (e.g., comprising SEQ ID NO: 23) is an embodiment 
of the modified avian pancreatic polypeptide in claims 1-13. 

Applicants have amended claim 19 to clarify that the polypeptide is an avian 
pancreatic polypeptide which is modified by substitution of at least one amino acid 
residue, and which binds to a Bcl-2 protein . Such amendment is fully supported by the 
original specification and Figure 4. For example, as shown in Figure 4 and in the "Brief 
Description of the Drawings" (page 5, lines 28-29), the seven Bcl-2 binding miniature 
proteins including 4100 ( comprising SEQ ID NO: 23), 4101 ( comprising SEQ ID NO: 
24), 4099 ( comprising SEQ ID NO: 25), and 4102 ( comprising SEQ ID NO: 26), are 
isolated from a BAKLIB phage library. The specification further describes how to make 
these Bcl-2 binding miniature proteins (see, e.g., page 14, line 21 -page 15, line 12). As 
one skilled in the art would understand, the term "Bcl-2 protein" refers to any of a 
number of human proteins, including Bcl-2 itself as well as Bc1-Xl, Bid, Bax, and Bak. 
In particular, the specification teaches that "[i]n this procedure, the primary sequence of a 
protein of interest is aligned with residues in the alpha helix of aPP (emphasis added). All 
possible alignments of the primary sequence of positions 74-92 of Bak with aPP are 
assessed in two ways. First, the number of conflicts in a primary sequence alignment 
between residues important for hydrophobic core formation or maintenance of aPP helix 
dipole, and residues in Bak important for binding Bc1-Xl was considered. . ." Therefore, 
one skilled in the art readily understands that the Bcl-2 protein binding miniature proteins 
as shown in Figure 4 are modified avian pancreatic polypeptides. 
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It is evident, based on Figure 2 in the priority application No. 60/271,368, that 
SEQ ID NO: 23 is only a partial sequence of the modified avian pancreatic polypeptide 
of claim 19. Figure 2 in the priority application No. 60/271,368 was not filed in the 
present application. However, the priority application No. 60/271,368 is incorporated by 
reference in its entirety into the present application. For the convenience of the Examiner, 
we enclose herewith Figure 2 of the priority application No. 60/271,368 as Exhibit 6. As 
Applicants' attorney explained in the telephonic interview, some letters in Figure 2C are 
not in black, but rather, in colors that do not photocopy clearly. We therefore prepared a 
marked-up version of Figure 2C in Exhibit 6, in order to show the complete sequences 
(with the letters in colors underlined). We further enclose herewith Exhibit 7 to show 
Figure 4 in the present application, which is identical to Figure 3 in the priority 
application No. 60/271,368. 

As shown in Exhibit 6, the bottom sequence (labeled as BakLIB) of Figure 2C is 
the library from which the Bcl-2 protein binding miniature proteins (as shown in Exhibit 
7, including p4099 and p4100) are derived. The listed BakLIB sequence has 34 amino 
acids, and contains four unspecified residues labeled as X. This sequence serves as a 
backbone for generating those Bcl-2 protein binding miniature proteins (including p4099 
and p4100 clones). The carboxyl terminal 15 residues (residues 20-34, 
FVXRLLXYIXDXINR) of the BakLIB sequence is listed on top of Figure 4 (see Exhibit 
7). Also shown in Exhibit 7 are the corresponding carboxyl terminal residues of the seven 
Bcl-2 protein binding miniature proteins that are derived from the BakLIB sequence. For 
example, SEQ ID NO: 23 (FVGRLLRYFGDEINR) is listed the second from the top that 
corresponds to 4100. Given the sequences in the above two figures, one skilled in the art 
would understand that the Bcl-2 protein binding miniature proteins should have the 
amino terminal 19 residues (residues 1-19, GPSQPTYPGDDAPVEDLIR) of the BakLIB 
sequence, in addition to the 15-residue sequences listed in Figure 4 (Exhibit 7). 

In addition, Applicants submit that Examples 12-16 (pages 37-42) provide 
detailed descriptions of making and characterizing these Bcl-2 protein binding miniature 
proteins. As an example of such Bcl-2 protein binding miniature protein, the sequence 
4099 is described as follows: "[t]he percentage helicity of p4099 is approximately 60%, 
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consistent with an aPP-like tertiary fold in which residues 14-35 adopt a helical 
conformation. . .p4099 had a cooperative thermal melt with a T m of approximately 65°C, 
comparable to the T m reported for aPP" page 42, lines 5-14). Since the native aPP has 36 
amino acids (see, e.g., page 3, lines 6-7; SEQ ID NO: 6; and the second sequence from 
the top shown in Figure 2C in the priority application No. 60/271,368), it is impossible 
for 4099 and other sequences (including 4100) to have only 15 amino acid residues (e.g., 
SEQ ID NO: 23). Instead, the length of these sequences should approximate that of aPP. 

Taken together, this shows that SEQ ID NO: 23 is only a partial sequence of the 
modified aPP sequence in claim 19, and does not represent the whole polypeptide. The 
polypeptide sequence of claim 19 (comprising SEQ ID NO: 23) does fulfill the 
requirement of a modified aPP as specified in original claims 1-13. Therefore, Applicants 
respectfully request that claims 1-13 be considered in this application. Solely to expedite 
prosecution, Applicants have canceled 7-11 without prejudice to focus on the elected 
invention. 

Objection to Title 

The Examiner asserts that the title of the invention is not descriptive and requires 
a new title that is clearly indicative of the invention to the claims are directed. 
Specifically, the Examiner states that "the present title is directed to DNA and protein 
binding miniature proteins whereas in contrast the elected claims are directed to an avian 
pancreatic polypeptide also include constructs and recombinant host cells, but not 
polypeptides" (see Office Action, page 3,9-11). The above statement is not clear to 
Applicants, and clarification is respectfully requested. 

Applicants have elected claims 1-13 which are directed to a modified avian 
pancreatic polypeptide which can be either protein-binding or DNA-binding (see original 
claim 9 or 1 1 respectively). Applicants also elected claim 19 which is directed to a 
polypeptide relating to SEQ ID NO: 23 as a modified avian pancreatic polypeptide and a 
protein-binding miniature protein . Applicants will modify the title appropriately once the 
Examiner makes the objection clear to Applicants. 
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Claim rejections under 35 U.S.C. §101 and §112, 1 st Paragraph 

Claim 19 has been rejected under 35 U.S. C. § 101 because it is the Examiner's 
opinion that the claimed invention "lacks patentable utility due to its not being supported 
by either a specific, substantial utility, and credible asserted utility or a well established 
utility." The Examiner further rejects claim 19 under 35 U.S.C. § 1 12, first paragraph, for 
the same reasons. Applicants respectfully traverse these rejections for the reasons that 
follow. 

The claimed invention relates to binding of a modified aPP miniature protein 
(e.g., comprising SEQ ID NO: 23) to a Bcl-2 protein (see, e.g., page 14, lines 21-32; page 
15, lines 1-12; and Examples 13-16 on pages 38-41). It was well known in the art at the 
time of filing that Bcl-2 proteins (including the Bcl-2 protein, the Bc1-Xl protein, and the 
Bak protein) play a central role in the regulation of programmed cell death (apoptosis). It 
was also well known in the art that apoptosis occurs during the course of several 
physiological processes, and when dysregulated, contributes to many diseases including 
cancer, autoimmunity, and neurodegenerative disorders. See Sattler et al. 1997 (enclosed 
herewith as Exhibit 1; also referenced in the specification, e.g., page 14, lines 16-17 and 
lines 22-23) and Adams 2001 (enclosed herewith as Exhibit 2). In addition, one skilled in 
the art would know that "some proteins within this [Bcl-2] family, including Bcl-2 and 
Bc1-Xl ? inhibit programmed cell death, and others, such as Bax and Bak, can promote 
apoptosis. Interactions between these two groups of proteins antagonize their different 
functions and modulate the sensitivity of a cell to apoptosis" (see Exhibit 1, page 983, 
left column). 

Further, the specification clearly teaches that the modified aPP miniature protein 
(e.g., comprising SEQ ID NO: 23) binds to Bcl-2 and Bc1-Xl with affinities that are 100 
times higher than the affinity of a peptide which is part of Bak (see, e.g., page 41, lines 1- 
10). In view of the teachings of the specification and the knowledge in the art, a skilled 
artisan would readily recognize that the modified aPP miniature protein and its variants 
as recited in claim 19, can potentially be used to antagonize the anti-apoptosis activity of 
Bcl-2 and/or exert pro-apoptosis activity of Bak, by binding to a Bcl-2 family member 
(e.g., the bcl-2 protein). Accordingly, a skilled artisan would appreciate the pro-apoptosis 
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properties of the modified aPP miniature protein and the potential of using them in the 
treatment of certain apoptosis-related diseases such as cancer, autoimmunity, and 
neurodegenerative disorders as described above. 

The utility of the claimed invention is specific, as the modified aPP miniature 
protein (e.g., comprising SEQ ID NO: 23) specifically binds to a Bcl-2 protein. As one of 
ordinary skill in the art would agree, the treatment of diseases (e.g., cancer, 
autoimmunity, and neurodegenerative disorders) is undoubtedly a substantial utility. 
Additionally, the present invention has a credible utility, as one of skill in the art would 
know not only that a Bak-like Bcl-2 binding peptide likely promotes apoptosis, but that it 
is well within the scope of the skill in the art to deliver a peptide therapeutic to a patient 
in need of such a therapeutic. Furthermore, Applicants point out that the diagnostic and 
therapeutic uses for the invention are set forth at lines 18-28 on page 22 of the 
specification. 

It is clear that the present invention is indeed supported by a specific, substantial, 
and credible utility, particularly as to certain diseases, such as cancer, autoimmunity, and 
neurodegenerative disorders. Accordingly, Applicants have satisfied the requirements 
under 35 U.S.C. § 101. For the same reasons, Applicants have also satisfied the 
requirements under 35 U.S.C. § 112, first paragraph. Reconsideration and withdrawal of 
the rejections are respectfully requested. 

Claim rejections under 35 U.S.C. $112, 2 nd paragraph 

Claim 19 is rejected under 35 U.S.C. § 1 12, second paragraph, as being indefinite 
for failing to particularly point out and distinctly claim the subject matter which applicant 
regards as the invention. Applicants respectfully traverse this rejection to the extent it is 
maintained over the claims as amended. 

Specifically, the Office Action asserts that claim 19 is vague and indefinite for 
"failing to reflect the elected SEQ ID NO: 23." Solely to expedite prosecution, 
Applicants have amended claim 19 to clarify the claimed subject matter by removing the 
other SEQ ID NOs except SEQ ID NO: 23. Applicants reserve the right to pursue claims 
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of similar or differing scope. Reconsideration and withdrawal of rejections under 35 
U.S.C. § 1 12, second paragraph, are respectfully requested. 

Claim rejections under 35 U.S.C. $102 

Claim 19 is rejected under 35 U.S.C. § 102(a) and (b) as being allegedly 
anticipated by two Genbank sequences, Accession numbers P38803 and P433 16 
respectively. Specifically, the Examiner asserts that claim 19 reciting SEQ ID NO: 23 is 
anticipated by Genbank accession number P38803 because this Genbank sequence is a 
fragment of "at least twelve amino acids, has one or more conservative amino acid 
substitutions, and has one or more naturally occurring amino acid sequence 
substitutions." Similarly, Genbank sequence P43316 allegedly anticipates claim 19 
because this sequence comprises "one or more conservative amino acid substitutions, and 
comprises one or more naturally occurring amino acid sequence substitutions." 

First, Applicants note that the Genbank sequence Accession number P433 16 
appears to be incorrectly cited by the Examiner. As shown on the cited reference (page 7, 
left column; enclosed herewith as Exhibit 3), the query sequence "CYWELEW" is not 
part of the claimed sequence SEQ ID NO: 23. A sequence alignment of SEQ ID NO: 23 
and P433 1 6 (enclosed herewith as Exhibit 4) shows that the P433 16 sequence is not even 
related to the sequence of SEQ ID NO: 23. Therefore, Applicants respectfully request 
that the cited P433 16 should not be used as prior art against the present invention. 
Applicants discussed this issue with the Examiner during the telephone interview on June 
19, 2003. The Examiner indicated that the cited P43316 sequence was wrong and should 
be withdrawn. 

Second, Applicants respectfully point out that the Examiner seems to have 
misread section (b) of claim 19. The rejection of claim 19 under 35 U.S.C. § 102(a) 
appears to be based in part on the qualification of the Genbank sequence P38803 as "a 
fragment of at least twelve amino acids" (Office Action, page 7, line 24). In contrast, 
section (b) of claim 19 clearly recites "comprising a fragment of at least twelve (12) 
amino acids of SEQ ID NO: 23 ." 
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Solely to expedite prosecution of the application, Applicants have amended 
sections (c) and (d) of claim 19, to clarify the claimed subject matter. Sections (c) and (d) 
of claim 19 have been amended to recite "at least 65% identical to SEQ ID NO: 23." In 
order for a prior art reference to be a proper reference under 35 U.S.C. § 102, the prior art 
reference must teach each and every element of the present invention. Claim 19 as 
amended, is not anticipated by either of the two cited GenBank sequences because these 
Genbank sequences do not teach each and every element of amended claim 19. 

Applicants further point out that the above amendments are fully supported by the 
original specification. For example, seven isolated miniature protein sequences which are 
shown in Figure 4, fall in the scope of claim 19. A sequence alignment of the seven 
peptide sequences (enclosed herewith as Exhibit 5) indicates that SEQ ID NO: 23 (the 
partial sequence of clone 4100) shares at least 68.8% sequence identity with the other six 
peptide sequences listed in Figure 4. Furthermore, the specification teaches the 
production of a protein-binding miniature protein phage library such as the one used to 
produce the miniature proteins such as clones 4100 and 4099 (see Example 12, pages 37- 
38). The specification also describes in detail the selection of protein-binding miniature 
proteins (see Example 13, pages 38-39). The specification also describes how to 
synthesize miniature proteins such as clones 4100 and 4099 (see Example 14, pages 39- 
40). The specification further describes in detail how to assay the binding properties of a 
miniature protein, such as clones 4100 and 4099 (see Example 15, pages 40-41). Other 
proteins can be assessed or synthesized using this method or others available to those of 
skill in the art. 

For the above reasons, Applicants submit that claim 19, particularly as amended, 
is novel and not anticipated by the cited GenBank sequences. Therefore, reconsideration 
and withdrawal of rejections under 35 U.S.C. § 102 are respectfully requested. 

Objection to Priority 

The Examiner has not granted priority to the four provisional applications 
(60/199,408, 60/240,566, 60/265,099, and 60/271,368), to which the present application 
claims priority. It appears that the Examiner raises this rejection for two reasons. First, 
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the Examiner states that "a sequence compliant computer readable form to which the 
elected SEQ ID NO: 23 can be searched" is not present in any provisional application. 
Second, the Examiner argues that there is no statement in any provisional application 
indicating the polypeptide sequence (page and line number) to which SEQ ID NO: 23 
corresponds. 

First, Applicants respectfully point out that 37 C.F.R. § 1.53, which sets forth the 
requirements for a provisional patent application, does not require a computer-readable 
format of the sequence listing, nor does it require that the sequences present in the 
provisional application be referred to by using a SEQ ID NO. In fact, the patent rules 
state that the provisional application is not examined. The purpose of SEQ ID NOs and a 
computer readable format of the sequence listing is to enable the Examiner to search the 
sequences of the non-provisional application which is examined on the merits. 
Accordingly, the provisional applications are proper and complete without any computer 
readable version of the sequence listing and without any identification of sequences using 
SEQ ID NOs, and the four above-referenced provisional applications to which the present 
application claims priority were properly filed. 

Further, SEQ ID NO: 23 is listed as the carboxyl terminal sequence of the 
polypeptide sequence (labeled as No. 4100) in Figure 3 of the provisional application No. 
60/271,368 filed February 23, 2001 . Figure 3 of the provisional application No. 
60/271 ,368 corresponds to Figure 4 of the instant application. Both figures list a 
polypeptide sequence No. 4100 that comprises SEQ ID NO: 23 as its carboxyl terminal 
15 residues. Accordingly, the present application properly claims priority to the four 
above-referenced provisional applications, and the sequence of SEQ ID NO: 23, per se, is 
entitled to at least the filing date (February 23, 2001) of the provisional application No. 
60/271,368. 

Objection to Disclosure 

The disclosure is objected to because of the informalities on page 1 (lines 8-12) of 
the specification. Applicants have amended the specification to overcome this objection. 
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CONCLUSION 



In view of the foregoing amendments and remarks, the pending claims are in 
condition for allowance. Early and favorable reconsideration is respectfully solicited. The 
Examiner may address any questions raised by this submission to the undersigned at 617- 
951-7000. Should an extension of time be required, Applicants hereby petition for same 
and request that the extension fee and any other fee required for timely consideration of 
this submission be charged to Deposit Account No. 18-1945. 



Respectfully Submitted, 



Date: June 30, 2003 




One International Place 
Boston, MA 02110 



Customer No: 28120 

Docketing Specialist 
Ropes & Gray, LLP 



Z. Angela Guo 
Registration No. P-54,144 
Phone:617-951-7000 
Fax:617-951-7050 
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Brunak, Eds. (CRC Press, Boca Raton, FU, 1995), 
pp. 132-151; B. Rost, in The Third International 
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Biology (iSMB). C. Rawlings et ah, Eds. (AAAI 
Press, Menlo Park, CA, 1995), pp. 314-321] fails 
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predictprotein.html. 
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Properties (Freeman, New York, ed. 2, 1993). 

18. A. Scholer and H. J. Schulter, Mo/. Ceil. Bioi. 14, 
3613 (1994); M. Proft, D. Grzesitza, K. D. Entian, 
Mol. Gen. Genet 246, 367 (1995). 

19. All yeast manipulations were in the SEY6210 back- 
ground (MATa !eu2-3, ura3~52. his3-&200, Iys2- 
801, trp1-b301, SUC2-A9). The CAT5/COQ7 locus 
was disrupted with a PCR-mediated approach [A. 
Baudin, 0. Ozier-Kalogeropoulos, A. Denouel, F. La- 
croute. C. Cutiin, Nucleic Acids Res. 21, 3329 
(1993); the primers used were SHP84 and SHP85]. 
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tains ethanol (7 J). The sequences of the primers are 
available on request. 

20. The CAT5/COQ7 locus was directly amplified from 
yeast genomic DNA by PCR with Pfu polymerase 
(Stratagene) and primers SHP69 and SHP70. A 
cDNA corresponding to the entire elk- 1 coding se- 
quence was obtained by PCR amplification, also 
with Pfu polymerase, and nested primer pairs 
SHP57 and SHP59 and then SHP57 and SHP58 
on single-stranded cDNA that had been synthe- 
sized by priming with SHP59. The respective yeast 
and nematode PCR products were digested with 
Hind III and ligated to Hind Ill-cut and dephospho- 
rytated pVT102-U p\ Vernet, D, Dignard, D. Y. 
Thomas, Gene 52, 225 (1 987)]. As well as restoring 
growth on glycerol, both the CAT5/COQ7- and clk- 
7-containing plasmids restored the ability of the 
&cat5/coq7 strain to grow on ethanol [YEPE 3 me- 
dium (24)]. The Acat5/coq7 strain transformed with 
the CA7"67COQ7-containing plasmid did not grow 
as well as the wild-type yeast strain on nonferment- 
able carbon sources. When the yeast gene was 
reintroduced in the context of its own promoter on 
a centromeric vector, full restoration of wild-type 
growth was obtained (24). CAT5/COQ7 is known 
to be involved in the regulation of its own expres- 
sion [11); presumably, the presence of excess 
Cat5p/Coq7p perturbs the normal metabolic bal- 
ance of yeast. The sequences of the primers are 
available on request. 

21. E. W. Jones, J. R Pringle, J. R. Broach, Eds., The 
Molecular and Cellular Biology of the Yeast Saccha- 
romyces (Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, NY, 1992). 

22. J. Campisi, Ceff84. 497 (1996): L. Guarente./b/d. 86, 
9(1996). 

23. T. M. Barnes, Y. Jin, H. R. Horvitz, G. Ruvkun, S. 
HeWmi, J. Neurochem. 67, 46 (1996). 

24. B. Lakowski and J. Ewbank. unpublished data 

25. By picking Sma non-Dpy recombinant progeny of 
dpy-l7(e164) sma-4(e729)/unc- 79(el030) dk- 
1(e2519) lon-1(e185) hermaphrodites, we were able 
to position effe- 7 more precisely: dpy- 7 7 25/79 cflr- 7 
27/79 ton- 7 27/79 sma- 4. To interpolate the physical 
position of elk- 1, we estimated that the separation 
between ced-4 and dpy- 7 7 is ~0.2 centimorgans on 
the basis of data in the database ACeDB (7). By 
using linked double mutants, we also directly deter- 
mined (24) the two point distances between dpy- 1 7 
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and sma-4 (0.85 cM), dpy- 7 7 and ton- 7 {0.5 cM), 
and ton- 7 and sma-4 (0.35 cM). Details of the map- 
ping data can be found in ACeDB (7). 

26. The sequencing of allele qm? 7, which has a pheno- 
type essentially identical to e25l9 (7), revealed an 
identical lesion. The tow probability of independently 

obtaining.thesamsmutatbntwice.suggeststhat.the 

original allele was lost. Sequencing of qm47 failed to 
reveal a mutation. Subsequent reexamination of the 
phenotype of qm47 homozygotes and new comple- 
mentation tests suggest that qm47 is not a cflr- 7 
allele. 
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Structure of Bcl-x L -Bak Peptide Complex: — " 
Recognition Between Regulators of Apoptosis 
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Ho Sup Yoon, Suzanne B. Shuker, Brian S. Chang, 
Andy J. Minn, Craig B. Thompson, Stephen W. Fesik* 

Heterodimerization between members of the Bcl-2 family of proteins is a key event in the 
regulation of programmed cell death. The molecular basis for heterodimer formation was 
investigated by determination of the solution structure of a complex between the survival 
protein Bcl-x L and the death-promoting region of the Bcl-2-related protein Bak. The 
structure and binding affinities of mutant Bak peptides indicate that the Bak peptide 
adopts an amphipathic a helix that interacts with Bcl-x L through hydrophobic and 
electrostatic interactions. Mutations in full-length Bak that disrupt either type of inter- 
action inhibit the ability of Bak to heterodimerize with BcI-x L . 
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Programmed cell death (apoptosis) occurs 
during the course of several physiological 
processes, and when dysregulated contrib- 
utes to many diseases, including cancer, 
autoimmunity, and neurodegenerative dis- 
orders (I). The Bcl-2 family of proteins 
plays a central role in the regulation of 
apoptotic cell death induced by a wide va- 
riety of stimuli (2). Some proteins within 
this family, including Bcl-2 and Bcl-x Ll in- 
hibit programmed cell death, and others, 
such as Bax and Bak, can promote apopto- 
sis. Interactions between these two groups 
of proteins antagonize their different func- 
tions and modulate the sensitivity of a cell 
to apoptosis (3, 4)- Several regions of the 
death-inhibiting proteins participate in 
their antiapoptotic activity and hetero- 
dimerization with the death-promoting pro- 
teins, including the Bcl-2 homology 1 
(BH1) and BH2 regions (3, 5, 6). In con- 
trast, only a relatively small portion of the 
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death-promoting proteins encompassing 
the BH3 region is critical for the ability to 
promote apoptosis (7- 10). For example, 
small, truncated forms of Bak are necessary 
and sufficient both for promoting cell death 
and binding to Bcl-x L (7). 

The three-dimensional (3D) structure of 
the cell survival protein Bcl-x L consists of 
two central hydrophobic a helices sur- 
rounded by five amphipathic helices (I J). 
To understand how Bak interacts with Bcl- 
x L and inhibits the ability of Bcl-x L to 
promote cell survival, we determined the 
solution structure of Bcl-x L complexed with 
a 16-residue peptide derived from the BH3 
region of Bak. We also measured the bind- 
ing affinities of Bcl-x L to alanine mutant 
Bak peptides and to peptides corresponding 
to the BH3 regions of other Bcl-2 family 
members (12, 13). 

The minimal region of Bak required to 
bind to Bcl-x L was examined in a fluores- 
cence-based assay (14). A 16-amino acid 
peptide derived from the BH3 region of Bak 
(residues 72 to 87) bound tightly to Bcl-x t 
(Table 1). In contrast, smaller peptides 
from this region, such as an 11-amino acid 
peptide corresponding to residues 77 to 87, 
did not bind (Table 1). The 16-amino acid 
peptide of Bak corresponds precisely to the 
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region of Bcl-x L that forms the second a 
helix (I J). 

The structure of the 16-amino acid pep- 
tide {15) complexed with a biologically ac- 
tive deletion mutant of Bcl-x L {16) was 
deremtfneclisyWc^^^ 
spectroscopy (NMR). The structure was de- 
termined from a total of 2813 NMR-derived 
restraints and is well defined by the NMR 
data (Fig. 1 A) (J 7). The atomic root-mean- 
square deviation (rmsd) about the mean 
coordinate positions for residues 1 to 205 of 
Bcl-x L and 72 to 87 of the Bak peptide was 
0.79 ± 0.15 A for the backbone and 1.21 ± 
0.13 A for all heavy atoms. 

Overall, the structure of the truncated 
form of Bcl-x L when complexed to the Bak 
peptide is similar to the x-ray and NMR 
structures of uncomplexed Bcl-x L (li, 18). 
The Bak peptide binds in a hydrophobic 
cleft formed by the BH1, BH2, and BH3 



regions of Bcl-x L (Figs. 1 and 2). Although 
a random coil when free in solution (19), 
the Bak peptide forms an a helix when 
complexed to Bcl-x L . The NH 2 -terminal 
residues of the peptide show numerous nu- 
:lelirOv^ftiameVeflFcTr(^ 
in the BH1 region of Bcl-x L (Val 126 , Glu 129 , 
Leu 130 , and Phe H6 ), whereas the COOH- 
terminal portion of the Bak peptide inter- 
acts predominantly with residues in the 
BH2 and BH3 regions (Phe 97 , Arg 100 , 
Tyr 101 , and Phe 105 ). The hydrophobic side 
chains of the peptide (Val 74 , Leu 78 , He 81 , 
and lie 85 ) point into a hydrophobic cleft of 
Bcl-x L (Fig. 2) and stabilize complex forma- 
tion. In addition to these hydrophobic in- 
teractions, the charged side chains of the 
Bak peptide (Arg 76 , Asp 53 , and Asp 84 ) are 
close to oppositely charged residues of Bcl- 
x L (Glu 129 , Arg 139 , and Arg 100 , respective- 
ly) (Fig. 2). 



Table 1. Binding affinities (14) of peptides to BcI-Xl. Residues of Bak peptide substituted with alanine 
are in boldface. Abbreviations for the amino acid residues are as follows: A, Ala: C. Cys: D, Asp; E, Glu; 
F, Phe; G, Gly; H, His; I, lie; K, Lys; L Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; 
W. Trp; and Y, Tyr. 



Peptide 




Sequence 




K D (HM) 


Bak 


72 


GQVGRQLAI IGDDINRRYDSEFQ 


94 


0.20 ± 0.02 




72 


GQVGRQLA 1 1 GDD I NR 


87 f- 


0.34 i 0.03 




77 


QLAIIGDDINR 


87 


No binding 






GQAGRQLAI IGDDINR 




15 ±3 










3.3 ± 1 






GQVGRQAAI IGDDINR 




270 ± 90 










1.0 ± 0.2 






GQVGRQLA I AGDDINR 




17 i 6 






GQVGRQLAI I ADDINR 




0.50 ± 0.1 






GQVGRQLA 1 1 GAD I NR . ....... 




41 i 4 






GQVGRQLAI IGDAINR 




0.14 ±0.02 






GQVGRQLAI IGDDANR. 




93 ±20 


Bcl-2 


91 




106 


6.4 ± 0.8 


Bax 


57 


KKLSECLKRIGDELDS 


72 


13±3 


Bik 


55 




70 


15± 6 


BcI-Xl 


84 


AAVKQALREAGDEFEL 


99 


325 



To identify the interactions that are im- 
portant for complex formation, we mea- 
sured the binding affinities of mutant Bak 
peptides containing alanine substitutions 
(Table 1) (J4). A decrease in binding af- 
firTiry"rry^a?roro^ 

Bak peptide in which Leu 78 is substituted by 
an alanine. This can be explained by the 
loss of extensive interactions between the 
side chain of Leu 78 of Bak and the hydro- 
phobic pocket formed by Tyr 101 , Leu 108 , 
Val 126 , and Phe 146 of Bcl-x L (Fig. 2B). Mu- 
tation of other hydrophobic residues of Bak 
(He 85 , He 81 , and Val 74 ) to alanine also re- 
sulted in reduced binding to Bcl-x L (Table 
1), which further demonstrates the impor- 
tance of hydrophobic interactions in com- 
plex formation. The hydrophobic residues 
at these positions are largely conserved in 
the Bcl-2 family of proteins (Table 1). In 
contrast, He 80 is not conserved and is locat- 
ed on the surface of the complex (Fig. 2), 
consistent with the negligible loss in bind- 
ing affinity observed when this residue was 
changed to an alanine. 

Analysis of the structure (Fig. 2) suggest- 
ed that the interaction between Asp 83 of 
the Bak peptide and Arg 139 of Bcl-x L would 
stabilize complex formation. Indeed, Asp 83 
is completely conserved within the Bcl-2 
family of proteins, and when substituted 
with alanine in the Bak peptide, markedly 
reduced the binding of this peptide to Bcl- 
x L (Table 1). Moreover, Arg 139 is highly 
conserved, and mutation of Arg 139 " to Gin 
in Bcl-x L inhibits its antiapoptotic activity 
and binding to the Bax protein (20). It was 
also expected from the structure (Fig. 2) 
that electrostatic interactions between 
Arg 76 of Bak and Glu 129 of Bcl-x L would 
contribute to complex formation. This is 
supported by the observed decrease in bind- 
ing to Bcl-x L of a Bak peptide in which 
Arg 76 is mutated to alanine (Table 1). 





Fig. 1. (A) Stereoview of the backbone (N. O, C) of 15 superimposed 
NMR-derived structures of Bcl-x,^ (shown in black) complexed with the 16- 
amino acid Bak peptide (shown in red). (B) Ribbons (27) depiction of the 



averaged minimized NMR structure for the complex. The BH1, BH2, and 
BH3 regions of Bcl-x,_ are shown in yellow, red, and green, respectively. The 
Bak peptide is shown in magenta 
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However, the potential charge-charge in- 
teraction between Asp 84 of Bak and Arg 100 
of Bcl-x L does not appear to be critical for 
complex stabilization as a negligible effect 
on binding to Bcl-x L was observed when 



Using the structure of the Bcl-x L -Bak 
peptide complex and a homology model of 
the Bak protein, we modeled the structure 
of the heterodimer of the full-length pro- 
teins. In the structure of Bak based on its 



In summary, our structure of the BcI-x L - 
Bak peptide complex reveals the structural 
basis for the requirements of the BH1 , BH2, 
and BH3 regions for heterodimer formation 
among Bcl-2 family members. These data 



^^ttttrted-by-an-alantrte-fFahk — homolegy-to-Bcl^LTthe-hydrophobic-side — snggcstthat^hc^ormanor^ 



1). 

Interactions within the Bcl-2 family of 
proteins exhibit a defined selectivity and 
hierarchy (12, 13). To investigate whether 
this selectivity is conferred by the BH3 
regions from other Bcl-2 family members, 
we measured the binding affinities of a se- 
ries of BH3-containing peptides to Bcl-x L 
(14). Subtle differences in the amino acid 
sequences of the BH3 regions among mem- 
bers of the Bcl-2 family give rise to distinct 
differences in the affinities of these peptides 
for Bcl-x L (Table 1 ). The Bak peptide binds 
to Bcl-x L with greater affinity than any of 
the other peptides, including the peptides 
derived from the other death-promoting 
proteins, Bax and Bik. The Bcl-x L peptide 
binds with the weakest affinity to Bcl-x L , 
consistent with the monomeric nature of 
this protein (J J). The selectivity of Bcl-x L 
that we observed for the peptides from 
different Bcl-2 family members is consis- 
tent with the selectivity for heterodimer 
formation amongst the Bcl-2 family of 
proteins and suggests that the BH3 region 
plays a central role in defining the binding 
specificity of the Bcl-2-related proteins 
for BcUx L , 

The molecular interactions that stabilize 
the Bcl-x L -Bak peptide complex likely re- 
flect the important interactions that occur 
between the full-length proteins. The wild- 
type Bak peptide can inhibit the interaction 
of Bcl-x L with full-length Bak or Bax in a 
concentration-dependent manner (20). 
Furthermore, Bak peptides containing ala- 
nine substitutions for Leu 78 and Asp 83 , 
which markedly reduced their binding to 
Bcl-x L (Table 1), were unable to block het- 
erodimer formation between-full length 
Bcl-x L and Bak (Fig. 3A). When these two 
residues (Leu 78 and Asp 83 ) were mutated in 
the full-length Bak protein, the mutant Bak 
proteins failed to coprecipitate with Bcl-x L 
even though they were expressed at levels 
comparable to that of the wild type protein 
(Fig. 3B). Thus, the reduction in binding to 
Bcl-x L observed with the fulUength mutant 
Bak proteins resembles the loss in binding 
to Bcl-x L measured for the mutant Bak pep- 
tides. These data are consistent with previ- 
ous reports (7-10) on the functional impor- 
tance of the BH3 region of the death-pro- 
moting proteins. This region of Bak and 
similar sequences in Bax and Bik (Bipl) 
promote apoptosis and interact with Bcl-x L 
(7, 8). In addition, neither the BH1 nor the 
BH2 region of Bax is necessary for binding 
to Bcl-2 or for promoting cell death (9, 10). 



chains of the amphipathic ot2 helix con- 
taining the BH3 region point toward the 
interior of the Bak protein, making these 
residues unavailable to interact with Bcl-x L . 
Thus, binding to Bcl-x L would necessitate a 
conformational change in the Bak protein 
to expose the hydrophobic surface of o:2. 
One possibility is a rotation of the a2 helix 
along the helix axis that would allow the 
formation of the same hydrophobic and 
charge-charge interactions observed in the 
NMR structure of the Bcl-x L -Bak peptide 
complex. It is of interest that based on the 
structure of Bcl-x L , this helix is predicted to 
be flanked by highly flexible loops on both 
ends that could allow such a rotation. 



binding cleft and properly positioned 
charged residues are required for the anti- 
apoptotic functions of Bcl-x L . Indeed, a va- 
riety of mutations that would be predicted 
to alter the accessibility or binding proper- 
ties of this region in Bcl-x L and Bcl-2, in- 
cluding G138A (3), R139Q (20), Y101K 
(20), and L130A (20), have been shown to 
inhibit the function of this protein. For 
proteins that promote cell death, only the 
BH3 region is required for activity (7- JO), 
which as shown here forms an amphipathic 
a helix and binds with high affinity to the 
hydrophobic groove in Bcl-x L . Some pro- 
teins that promote cell death — such as 
Bik — have homology to other Bcl-2 pro- 




Fig. 2. (A) Surface representation of the binding pocket of Bcl-x,_ bound to the Bak peptide. Hydropho- 
bic residues showing NOEs to the peptide are colored in yellow, whereas Arg 139 /Arg 10 ° and Glu 129 are 
colored in blue and red, respectively. Residues of BcI-Xl are labeled in white and the Bak peptide in 
black. (B) Depiction of the side chains in the binding site of Bcl-x^ Hydrophobic side chains of the protein 
showing NOEs to the peptide are colored in yellow. Side chains of positively and negatively charged side 
chains interacting with the peptide are colored in blue and red, respectively. The peptide side chains are 
colored by atom type. Residues of BcI-Xl and the Bak peptide are labeled in black and green, 
respectivety. 



Bak 

Mutant2 



-Bak 



- Bd-x^ 
•Bak 



Fig. 3. (A) Mutations of ^ B In vitro 

critical residues in the translation Bd-^ IP 

Bak BH3 peptide abolish BakBH3 a*^ 

its ability to inhibit Bcl-x,_ 
heterodimerization with . Input 
Bak. In vitro -translated 
Bcl-^ and Bak were 
combined together with 
100 h-M of the indicated 
Bak BH3 peptide. The 

reaction was immunoprecipitated with an antibody to Bcl-x (anti-Bcl-x), and the immunopreaprtated 
products were resolved by SDS-potyacrytamide gel electrophoresis (PAGE). (B) Mutations in Bak BH3 
residues that are predicted to be involved in Bcl^-Bak interactions abolish heterodimerization. In 
vitro-translated Bcl-x^ Bak, or mutants of Bak were combined as indicated and immunoprecipitated 
with anti-Bci-x. The immunoprecipitated products were resolved by SDS-PAGE. Bak mutation 1 
contains a glutamic acid in place of arginine at amino acid 76 and an arginine in place of aspartic acid 
at amino acid 83. Bak mutant 2 contains an alanine in place of leucine at amino acid 78. 
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teins only within the BH3 region. In con- 
trast, other Bcl-2-related proteins such as 
Bak or Bax are predicted to have more 
extensive structural similarities to Bcl-x L . 
For these proteins, our studies suggest that a 
structural~change may be required"fof~trie' 
BH3 region to participate in dimerization. 
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Telomeres, the ends of linear eukaryotic 
chromosomes, are essential structures 
formed by specific protein-DN A complexes 
that protect chromosomal termini from 
degradation and fusion (I). One of the es- 
sential functions of telomeres is to allow the 
complete replication of chromosome ends, 
which cannot be accomplished by known 
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DNA polymerases (2). The progressive loss 
of DNA that would occur after each round 
of replication is balanced by a ribonucleo- 
protein terminal transferase enzyme called 
telomerase, which specifically extends the 
3' G-rich telomeric strand in an RNA- 
templated reaction (3). In most organisms, 
telomeric DNA consists of a tandem array 
of short repeats. In yeast, the telomeric 
DNA is organized in a nonnucleosomal 
structure based on an array of the telomere 
repeat-binding protein Raplp (4, 5). 

In the human germline, cells express 
telomerase and maintain a constant average 
telomere length. This initial size appears to 
determine the replicative life-span of so- 
matic cells, in which telomerase activity is 
usually undetectable and telomere repeats 
are progressively lost at each cell division 
(6). In unicellular organisms like S. cerevi- 
siae, telomere length is kept within a narrow 
size distribution, specific for a given strain, 



A Protein-Counting Mechanism for Telomere 
Length Regulation in Yeast 

Stephane Marcand,* Eric Gilson, David Shoret 

In the yeast Saccharomyces cerevisiae, telomere elongation is negatively regulated by 
the telomere repeat-binding protein Raplp, such that a narrow length distribution of 
telomere repeat tracts is observed. This length regulation was shown to function inde- 
pendently of the orientation of the telomere repeats. The number of repeats at an 
individual telomere was reduced when hybrid proteins containing the Raplp carboxyl 
terminus were targeted there by a heterologous DNA-binding domain. The extent of this 
telomere tract shortening was proportional to the number of targeted molecules, con- 
sistent with a feedback mechanism of telomere length regulation that can discnmmate 
the precise number of Raplp molecules bound to the chromosome end. 
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Life-or-death decisions by the Bcl-2 
protein family 

Jerry M. Adams and Suzanne Cory 



In response to intracellular damage and certain physiological cues, cells enter 
the suicide program termed apoptosis, executed by proteases called caspases. 
Commitment to apoptosis is typically governed by opposing factions of the 
Bcl-2 family of cytoplasmic proteins. Initiation of the proteolytic cascade 
requires assembly of certain caspase precursors on a scaffold protein, and the 
Bcl-2 family determines whether this complex can form. Its pro-survival 
members can act by sequestering the scaffold protein and/or by preventing the 
release of apoptogenic molecules from organelles such as mitochondria. 
Pro-apoptotic family members act as sentinels for cellular damage: cytotoxic 
signals induce their translocation to the organelles where they bind to their 
pro-survival relatives, promote organelle damage and trigger apoptosis. 



Apoptosis, the stereotypic program of cellular suicide, 
removes unwanted cells throughout life, and its 
disrupted regulation is implicated in disorders 
ranging from cancer and autoimmune diseases to 
degenerative syndromes. The Bcl-2 family of 
cytoplasmic proteins plays a central regulatory role. 
Its interacting pro- and anti-apoptotic members 
integrate diverse upstream survival and distress 
signals to determine whether the cellular death 
warrant is issued. Many of the key players have been 
identified, and the spotlight is now on the stage where 
their 'dance of death' commences: the surface of 
organelles such as the mitochondria where Bcl-2 
family members either reside or congregate during 
apoptosis. The hotly debated and still unresolved 
issue of how their control is exerted is the focus of this 
and other recent reviews 1 " 7 . 
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The central pathway to death 

The Bcl-2 family regulates an ancient path to cell 
death (Fig. 1) , found in organisms as diverse as 
mammals, nematodes and fruitflies. The route 
culminates in the scission of critical target proteins 
by proteases of the caspase group, but only after 
traversing critical checkpoints. To preclude 
unscheduled cell suicide, each caspase is 
synthesized as a minimally active precursor and 
generation of the active enzyme requires its 
processing, at sites of caspase cleavage. The 
effector caspases are processed by 'upstream' 
caspases, but the apical caspase that sets up the 
execution must process itself. The autocatalysis 
requires multimerization, aided by an adaptor or 
scaffold protein such as the nematode protein 
CED-4, which primes autoactivation of caspase 
CED-3, or the mammalian CED-4 homolog Apaf- 1 , 
which primes autoactivation of procaspase-9 
(Refs 4,6,7). The Bcl-2 family determines whether 
or not the multimeric scaffold/procaspase complex, 
often termed an 'apoptosome', can assemble. Anti- 
apoptotic members such as Bcl-2 and its nematode 
counterpart CED-9 prevent apoptosome formation, 
but their life-saving activity can be foiled by other 
relatives such as Bim or EGL- 1 (see below). 

Caspases can also be controlled downstream of 
Bcl-2 (Fig. 1). The IAP (inhibitor of apoptosis) 
proteins appear to directly block caspase activity 
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Fig. I.The evolutionary 
conserved pathway to 
apoptosis. Typical 
mammalian proteins 
mediating five steps to 
apoptosis are boxed. Their 
homologs are shown for 
C. elegans (all capitals) 
and Drosophila. CED-3 
might serve as an effector 
as well as initiator 
caspase. 
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and/or activation 8 . IAP activity can in turn be 
blocked by other regulatory proteins. Three 
essential apoptogenic molecules in Drosophila - 
Reaper, Grim and Hid - can bind to IAPs and 
presumably unleash any associated caspase for 
death duty 8 . Although no mammalian Reaper-group 
homologs are yet known, the recently discovered 
mammalian Diablo (or Smac) seems to be a 
functional counterpart, because it can bind to IAPs 
and block their pro-survival activity 910 . 

Opposing factions of the Bcl-2 family 

The diverse Bcl-2 family of proteins falls into three 
distinct groups. Bcl-2 and several close relatives 
inhibit apoptosis 1 1 , whereas structurally similar 
relatives such as Bax 3 and distant cousins such as Bik 
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Fig. 2. Three factions of the Bcl-2 family. The conserved Bcl-2 homology (BH) domains 
correspond approximately to four of the seven a helices revealed by the 3D structure of Bcl-x L 
(Ref. 1 3). The BH4 domain is confined to the pro-survival molecules most similar to Bcl-2; A1 and 
Boo also lack a BH3 region. A1 , Bad, Bid and Noxa do not have a hydrophobic C-terminal segment 
(anchor). In the Bcl-2 and Bax sub-families, the pore-forming domain (see text) corresponds to 
the tx5-a6 region of Bcl-x L (Ref. 1 3). 



and Bim 12 instead foster death (Fig. 2). The Bcl-2 and 
Bax subfamilies share three of the four conserved BH 
(Bcl-2 homology) sequence motifs, and can assume a 
similar conformation 13-1 5 , but members of the third 
subfamily share only the BH3 domain and are 
otherwise unrelated even to one another. Most 
members of the wider clan possess a hydrophobic 
C-terminal segment, which facilitates their 
interaction with the endoplasmic reticulum 
(ER)/nuclear envelope and the outer mitochondrial 
membrane, where the pro-survival members 
normally reside and most others assemble during 
apoptosis. At least for Bax, the C terminus can also 
affect conformation and dimerization 15 . 

Members of the opposing factions readily 
heterodimerize: the amphipathic BH3 a helix of the 
apoptogenic proteins can bind to a hydrophobic 
groove on the pro-survival proteins, created by 
a helices in the BH3, BH1 and BH2 regions 1314 . In 
the 'BH3-only' group, this short motif of 9-16 
residues is necessary and probably even sufficient 
for killing activity 12 . For the pro-survival proteins, 
however, ability to bind a BH3 domain only partly 
accounts for their anti-apoptotic action 16 , which 
presumably requires as-yet-unidentified effectors. 
Thus, a BH3-only protein apparently can serve as a 
ligand that locks a pro-survival protein into an 
inactive (or perhaps even apoptogenic) 
conformation. Hence, the BH3-only proteins 
probably kill entirely through binding other family 
members. Although the Bax-like proteins can also 
assume a conformation that permits 
heterodimerization via the BH3 domain, they 
apparently can also kill cells by an alternative 
mechanism, perhaps even without activating 
caspases (aenorhabditis) 3 . 

Vital physiological roles 

Genetic studies indicate that, without a Bcl-2-type 
guardian, most cells of metazoa are doomed. In 
Caenorhabditis elegans, the ced-9 gene is required 
for embryogenesis, apparently because the absence 
of CED-9 permits CED-4 to activate CED-3 
(Ref. 1 7) . Disruption of the mammalian pro- 
survival genes, by contrast, primarily produces 
attrition only in specific tissues (reviewed in Ref. 1), 
presumably due to their redundancy and partially 
overlapping expression patterns. 

The BH3-only proteins seem to be sentinels for 
cellular damage and critical triggers of apoptosis. In 
C. elegans, developmental cell death requires 
EGL- 1 , which can kill only through CED-9 (Ref. 1 8) . 
Strikingly, mice lacking BIM exhibit elevated 
leukocyte numbers and succumb to autoimmune 
disease. Their lymphocytes display impaired 
responses to certain cytotoxic stimuli 19 . Although 
mice lacking BID appear normal, their hepatocytes 
are more resistant to apoptosis induced through the 
'death receptor CD95 (Ref. 20). Most likely, 
particular mammalian BH3-only proteins respond 
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Fig. 3. Mechanisms of restraining pro-apoptotic proteins.The BH3-only proteins Bad, Bim and Bid are 
maintained in inactive forms in the healthy cell but unleashed by various cytotoxic signals to attack 
other family members and initiate apoptosis (see text). 




Fig. 4. Sequestration model for control of caspase activators by pro-survival family members. In 
C. elegans, all the CED-4 molecules are postulated to be held in an inactive form by CED-9 until 
displaced by EGL-1 and allowed to activate CED-3. However, as Bcl-2 does not appear to associate with 
ApaM , alternative models merit consideration (see text and Fig. 5). 



more effectively to certain types of intracellular 
damage and therefore feature prominently in those 
responses. These potent death ligands are kept in 
check in different ways. Transcriptional regulation 
constrains the genes for EGL-1 (Ref, 18), Hrk 
(Ref. 2 1) and Noxa (Ref. 22), a target of the p53 
tumor suppressor that might mediate its apoptotic 
function. Post-translational mechanisms control 
others (Fig. 3): Bid remains inert until cleaved by a 
caspase such as caspase-8 (Ref. 23) and Bim is 
restrained on microtubules by dynein light chain 
LC8 (Ref. 24), whereas phosphorylation of Bad on 
different sites allows its sequestration by 14-3-3 
proteins 25 or directly inactivates its BH3 domain 26 . 

Because C. elegansiacks a Bax ortholog, the role of 
the Bax group is less clear. Although high levels of 
Bax promote cell death and some cell numbers 
increase in mice lacking BAX, the apoptotic responses 
of BAX-deficient cells are not notably diminished 27 . 
Hence, it is unclear whether members of the Bax 
group can initiate the cell death process or instead 



mainly ensure cellular demise, through 
mitochondrial damage, after the Bcl-2- type guardians 
are inactivated by BH3-only antagonists. 
Translocation of Bax to mitochondria appears to 
require a conformational change, which might be 
triggered by a transient rise in pH (Ref. 28) or by Bid 
(Ref. 29; Fig. 3) but does not occur in cells 
overexpressing Bcl-2 (Refs 29,30). Altered 
conformation allows both Bax and Bak to 
homodimerize on the mitochondrial membrane and 
associate with Bcl-2; both these interactions are 
implicated in their cytotoxic action 3 - 31 . 

The Bcl-2 family governs the response to diverse 
cytotoxic conditions, including cytokine deprivation, 
radiation and drugs, but typically has little impact 32 
on the signal from 'death receptors' of the TNF 
family, such as CD95, which act through the adaptor 
FADD to activate caspase-8 (Refs 4,6,7). In some 
cells, however, active caspase-8 can process the 
BH3-only protein Bid, and the resulting Bid 
fragment (tBid) can trigger mitochondrial damage 
and activate caspase-9 (Refs 20,23). Unlike the other 
BH3-only proteins, tBid might activate Bax or Bak 
rather than inactivate a pro-survival protein 
(Fig. 3) 29 - 31 , 

Models for pro-survival function 

How the pro-survival Bcl-2 family members function 
biochemically remains unclear. For example, it 
remains contentious whether they keep the caspase 
activators in check directly or indirectly. Results 
from C. elegans favor a direct sequestration model 
(Fig. 4): CED-4 normally co-localizes with CED-9 on 
mitochondria until a death signal induces EGL-1 to 
displace CED-4, which can then activate CED-3 
(Refs 18,33 and references therein). It therefore 
seemed likely that their mammalian homologs 
would also associate, and Bcl-x L was initially 
reported to interact with Apaf-1. Further study, 
however, provided no evidence for any such 
complexes 34 , and indeed Apaf-1 appears to be a 
monomeric cytosolic protein 4 - 35 . Differences in the 
control of CED-4 and Apaf- 1 might have been 
expected, because only Apaf-1 contains a large 
C-terminal negative regulatory domain and requires 
cytochrome cas a co-factor 4 . 

Nevertheless, we surmise that CED-9 and its 
mammalian homologs must act similarly, because a 
6c7-^transgene can rescue cells in CED-9-deficient 
nematodes 36 . Perhaps the Bcl-2-like proteins 
sequester another mammalian CED-4 homolog, yet 
to be discovered, which acts upstream of Apaf-1 
(Ref. 35) (Fig, 5), Additional CED-4 homologs appear 
likely, because the phenotype of mice lacking Apaf-1 
(or caspase-9) is largely confined to neurons 
(reviewed in Ref. 4), and Bcl-2 can still protect Apaf-1- 
deficient embryonic stem (ES) cells from cytotoxic 
insults 37 . Hence, it is tempting to speculate that 
the Bcl-2 family controls not only Apaf- 1 and 
caspase-9 but also an unidentified scaffold protein 
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Fig. 5-Three models for pro-survival function.The sequestration model 
(left) favored for C. e/eganstsee Fig. 4) is com pa red with two models in 
which Bel -2 controls Apaf-1 indirectly. In the conventional 
'mitochondrial integrity' model (center), Bcl-2 directly preserves the 
outer membrane barrier to prevent release of cytochrome c (cyt c) and 
other apoptogenic molecules (see text). In the 'novel activator' model 
(right), Bcl-2 acts further upstream of ApaM by sequestering a putative 
novel mammalian CED-4 homolog (mCED-4) and thereby precluding its 
activation of an unidentified caspase-X that can initiate apoptosis by 
cleaving unknown target proteins. 

(mCED-4 for 'mammalian CED-4') and another 
upstream caspase (Fig. 5). 

Impact on mitochondrial homeostasis and integrity 

The alternative proposition that Bcl-2 family 
members govern caspase activation indirectly 
through effects on organelles, in particular 
mitochondria, is receiving increasing attention. 
Because Bcl-2 overexpression precludes all the 
mitochondrial disturbances associated with 
apoptosis, such as pH, membrane permeability 
and outer membrane integrity 2 , Bcl-2 must 
either directly control the earliest of these changes 
(see below) and/or act at an essential even earlier 
step, such as release of a putative novel CED-4 
homolog (mCED-4 in Fig. 5). Conceivably it 
does both. 

The mitochondrial intermembrane space (IMS) 
harbors several apoptogenic proteins (Fig. 6a), and 
their escape probably sounds the cell's death knell. 
Cytochrome cwas the first recognized IMS escapee 



(reviewed in Kefs 2,4), following its seminal 
identification as a critical co-factor (along with 
dATP or ATP) for the activation of caspase-9 by 
Apaf-l (Ref. 38). With several cytotoxic stimuli, 
cytochrome c release precedes decreases in 
mitochondrial membrane potential (see below) and 
probably also caspase activation, because its 
escape is not prevented by a broad-specificity 
caspase inhibitor or the absence of Apaf-1 
(Ref. 39), Intriguingly, a proportion of the 
procaspase-2, -9 and -3 molecules normally also 
lurk within the IMS (Ref. 40), suggesting that 
caspase activation could sometimes initiate inside 
the organelle, or concomitantly with release. 
Other apoptogenic escapees include the IAP 
inhibitor Diablo/Smac (see above) and the 
flavoprotein AIF (Ref. 41). 

The requirement for cytochrome c in apoptosis 
was investigated recently in cell lines from mice 
having the gene disrupted 42 . The lines were 
refractory to apoptosis induced by several stimuli 
that affect mitochondria. Nonetheless, their 
substantial residual cell death is indicative of a 
pathway to apoptosis subject to Bcl-2 control but 
independent of cytochrome c. 

How might Bcl-2-like proteins affect 
mitochondria? The resemblance of the 3D structure 
of Bcl-x L to that in membrane-penetrating bacterial 
toxins prompted the hypothesis that all family 
members with the hydrophobic BH1-BH2 domain 
might form pores in organelle membranes 13 . 
Indeed, under certain (usually nonphysiological) 
conditions, Bcl-x L , Bcl-2 and Baxcan all create 
channels in liposomes (reviewed in Ref. 5), although 
there is little evidence that equivalent channels 
form inside cells. Conceptually, one can accept that 
Bax-like proteins might well damage mitochondria 
by pore formation, but it remains more difficult to 
envision how pores formed by Bcl-2-like molecules 
could save cells. An analogous structural domain in 
tBid appears to aid targeting to organellar 
membranes rather than to promote pore 
formation 31 . 

Rather than forming new pores in mitochondria, 
Bcl-2 family members might instead stabilize or 
perturb the pre-existing channel through which 
adenine nucleotides and other small molecules 
traffic: the 'permeability transition pore', believed to 
form across sites of contact between the inner and 
outer membranes 43 . The core components of this 
channel probably include the voltage-dependent 
anion channel (VDAC) in the outer membrane, 
adenine nucleotide translocator (ANT) in the inner 
one and cyclophilin D (cyclo D) in the matrix 
(Fig. 6a). The open channel allows passage of 
molecules up to 1500 Daltons, and the pore in the 
outer as well as the inner membrane appears to be 
gated 44 45 . Opening of the inner membrane channel 
is thought to dissipate the H + gradient across that 
membrane, uncoupling the respiratory chain from 
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Fig. 6. How Bcl-2 family members might affect mitochondrial steps in apoptosis. (a) Putative 
interaction between Bcl-2 and the permeability transition pore. The pore through which adenine 
nucleotides presumably pass comprisesVDAC and ANT; associated components might include 
(among others) the outer membrane peripheral benzodiazepine receptor (PBR) and cyclophilin 0 
(cyclo D) in the matrix. Respiration creates a potential difference (AHVi) across the inner 
membrane, and this H* gradient is used by the F^-ATP synthase to drive ATP production. Bcl-2 
has been reported to associate with the pore 50 . Speculatively, it might keep the VDAC channel open 
until compromised by a molecule like Bim. (b) Hypothetical structures for the novel channel 
formed to allow passage of apoptogenic molecules like cytochrome c (C) and Diablo. The 
presumptive channel might comprise of Bax multimers, alone or associated with VDAC, or even 
derived from complexes that include pro-survival molecules such as Bcl-2 ligated by an 
apoptogenic family member. 

ATP production. The resulting swelling of the 
matrix was proposed to rupture the outer 
membrane 5 - 46 , but neither swelling nor rupture 
appear to be common 47,48 . 

Some controversial evidence suggests that certain 
Bcl-2 family members can associate with this 
mitochondrial pore and perhaps even alter its 
channel activity. One study suggested that Bax 
associated with ANT (Ref. 49) , but any interaction 
between the normally cytosolic Bax and ANT in the 
inner membrane presumably would require outer 
membrane disruption. Another group reported that 
both Bcl-x L and Bax (or Bak) could associate with 
VDAC and that Bcl-x L closed a VDAC channel in 
liposomes, whereas Bax and Bak kept it open and 
allowed passage of cytochrome c(Ref. 50). More 
evidence is needed, however, on whether Bcl-x L (or 
Bax) associates directly with VDAC and how these 
in vitro studies relate to pro-survival function in vivo, 
where Bcl-x L might keep the outer membrane channel 
open rather than close it 45 . 
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The last rites of the cell 

The order of the early steps in apoptosis remains 
contentious and might well vary with the death 
stimulus and perhaps cell type. Nevertheless, in 
some circumstances, the earliest observed 
mitochondrial changes seem to reflect closure of 
VDAC in the outer membrane 45 . The passage of 
adenine nucleotides is blocked, and the potential 
difference across the inner membrane (A^m) 
transiently actually increases 44,46 , in concert with an 
efflux of protons from the matrix to the cytosol 48 . The 
cytosolic acidification, which could result from the 
inability of the F 0 F,-ATP synthase to use H + in ATP 
production due to the dearth of matrix ADP, appears 
to precede impaired integrity of the outer 
membrane, caspase-9 activation and, finally, 
depolarization of the inner membrane 48 . 

In a speculative scenario, the Bcl-2 family might 
affect mitochondria in several ways. For example, 
in healthy cells, pro-survival members might 
associate, directly or indirectly, with VDAC and 
perhaps stabilize its open conformation (Fig. 6a). 
When a death signal has recruited BH3-only 
antagonists to the Bcl-2-type proteins, their 
interaction might switch VDAC shut. The ensuing 
ionic and pH changes could then prompt the 
translocation and oligomerization of Bax-like 
members. Finally, the multimerized family 
members, perhaps in complexes with VDAC, may 
create novel channels large enough to allow IMS 
proteins such as cytochrome cand Diablo to escape 
and trigger the caspase cascade (Fig. 6b). Each of 
these presumptive steps, however, needs much 
more study. 

Matters of life or death 

Despite the intense scrutiny of the Bcl-2 family, 
many critical questions remain. For the BH3-only 
proteins, much remains to be established about 
physiological roles and how damage signals are 
sensed. For the Bax-like proteins, issues include 
whether they are activated by BH3-only ligands 
such as Bid or by ionic changes, whether they 
represent additional triggers for apoptosis or an 
amplification mechanism, and also whether they 
mediate death in vivo primarily by compromising 
their pro-survival relatives, by unleashing 
caspases independently or by disrupting 
mitochondrial function. For the pro-survival 
proteins, key questions are how heterodimerization 
alters them, how their largely unexplored function 
on the ER and nuclear envelope relates to that on 
mitochondria, and, most important of all, the 
nature of their immediate downstream effectors: do 
they sequester an unidentified 'mCED-4', affect 
organelle pores such as VDAC or do both? Finally, 
an issue not discussed here, the ability of the Bcl-2 
family, independent of its apoptotic role, to affect 
cell cycle entry remains only partly explained 51 . 
Clearly, cell death remains a lively issue! 
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